Abstract: Thermal behaviors of wheat straw flour (WF) filled thermoplastic composites were measured applying the thermogravimetric analysis and differential scanning calorimetry. Morphology and mechanical properties were also studied using scanning electron microscope and universal testing machine, respectively. Presence of WF in thermoplastic matrix reduced the degradation temperature of the composites. One for WF and one for thermoplastics, two main decomposition peaks were observed. Morphological study showed that addition of coupling agent improved the compatibility between WFs and thermoplastic. WFs were embedded into the thermoplastic matrix indicating improved adhesion. However, the bonding was not perfect because some debonding can also be seen on the interface of WFs and thermoplastic matrix. In the case of mechanical properties of WF filled recycled thermoplastic, HDPE and PP based composites provided similar tensile and flexural properties. The addition of coupling agents improved the properties of thermoplastic composites. MAPE coupling agents performed better in HDPE while MAPP coupling agents were superior in PP based composites. The composites produced with the combination of 50-percent mixture of recycled HDPE and PP performed similar with the use of both coupling agents. All produced composites provided flexural properties required by the ASTM standard for polyolefin-based plastic lumber decking boards.
Introduction
Traditionally, plastic industry uses inorganic fillers such as talc, calcium carbonate, mica, and glass or carbon fibers to fill and to modify the performance of thermoplastic. Inorganic fillers, most of the 2.5 billion kg of fillers used in plastic industry [1, 2] , provide rigidity and resistance to temperature [3] [4] [5] but it is costly and abrasive to the processing equipment [4] [5] [6] . Recently, organic fillers produced from wood or agricultural plants have gained tremendous attention from plastic industry [1] . The primary advantages of using organic fillers in thermoplastics can be listed as low densities, low cost, nonabrasive nature [1, [4] [5] 7] , possibility of high filling levels, low energy consumption, high specific properties, biodegradability, availability of a wide variety of fibers throughout the world, and generation of a rural/agricultural-based economy [6] [7] [8] . Agricultural plants are a good source of raw material for organic fillers. Several studies were conducted to manufacture thermoplastic composites using plant flour or fiber including hemp, flax, jute, sisal, bagasse, ramie and kapok [9] [10] [11] [12] [13] [14] [15] [16] .
These non-wood raw materials have a great potential to be utilized in composite manufacturing. Among them, wheat straw has a special place with approximately 800 millions tons of annual production in the world [17, 18] . Several studies were conducted to utilize wheat straw in the manufacture of particleboard [19] [20] [21] , fiberboard/hardboard [22] [23] , insulation board [24] [25] [26] [27] and gypsum board [28] . Wheat straws mixed with inorganic filler (CaCO 3 ) were also utilized in the preparation of polyvinyl chloride and polyethylene composites [29] . Recently, wheat straw fiber characterization [30] [31] and their usage in polypropylene composites were also studied [32] [33] . It is reported that hydrophilic nature of wheat straw flours caused poor adhesion with hydrophobic thermoplastics in wheat straw flour filled composites [32] [33] . Similar findings were also reported in wood flour filled thermoplastic composites [1, [4] [5] [34] [35] . In order to improve the similarity and adhesion between wood-flours and thermoplastic matrices, several chemicals have been employed [36] [37] [38] [39] [40] [41] and maleated coupling agents were found to be the most suitable coupling agents for organic filler filled thermoplastic composites [42] . There is still need to understand the behavior of the thermoplastic matrices with organic filler such as wheat straw flours. Thermal, mechanical and morphological behaviors of wheat straw flour filled thermoplastic composites were not investigated thoroughly. This study evaluated the thermal degradation of neat and wheat straw flour filled recycled thermoplastic composites. The study also investigated the effect of maleated polyolefins as a coupling agent on the mechanical properties and the morphology of recycled wheat straw flour filled recycled thermoplastic composites.
Results and Discussion

Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) results
TGA analysis was performed on HDPE-WF, PP-WF and HDPE+PP-WF as well as on wheat straw flour, neat HDPE and neat PP samples. Figure 1 and 2 show the TGA and DTGA thermographs of the HDPE-WF and PP-WF thermoplastic composites, respectively. In both thermoplastic composites initial degradation was started at around 220 °C, which is close to the main decomposition temperature of the lignin extracted from wheat straws which is reported to be around 210 °C by Hornsby et. al. [30] . DTGA thermographs clearly show two main decomposition peaks for both HDPE-WF and PP-WF thermoplastic composites. These peaks were shown with arrows on the Figures 1 and 2 . The First peaks were around 330 °C for both HDPE and PP based composites while the second peaks were around 470 °C and 420 °C for HDPE and PP composites, respectively. Figure 3 present the TGA thermographs of neat HDPE, neat PP and wheat straw flours while Figure 4 shows the DTGA thermographs. The main decomposition peak on the DTGA thermograph of the wheat straw flour in Figure 4 was around 280°C, which was pretty close to the decomposition temperature of 283 °C reported by Hornsby et. al [30] . It is believed that first peak of 330 °C in wheat straw flour filled thermoplastic composites was mainly coming from degradation of wheat straw flours. Second decomposition temperature peak for HDPE based composites was identical with the decomposition temperature of neat HDPE (470 °C). In PP based composites, main decomposition temperature of 410°C was slightly lower than the main decomposition temperature of neat PP (420 °C). Summary of onset degradation, peak temperature and residual weight after 500 °C of the materials are also given in Table1. It should be noted that wheat straw flour filled thermoplastic composites had higher residues at 500 °C due to the presence of silicates in the surface region of the wheat straws [30] .
DSC results of the materials studied were presented in Table 2 . Composites manufactured with 50-percent mixture of HDPE and PP provided individual phase transition in the blend with two individual peaks on the thermograph ( Figure 5 ). This implies a lower compatibility between the HDPE and PP polymers. Figure 6 presents the neat recycled HDPE, neat recycled PP and their wheat straw flour filled composites. Melting temperature of the neat HDPE and their composites was around 128°C while neat recycled PP and their composites was about 163°C. Based on the TGA and DSC analysis during the manufacturing of the composites, extruder temperatures should be over 129 °C for HDPE and 163 °C for PP based composites to facilitate the melting of the matrix and should be less than 220 °C to prevent the lignocellulosic material from degrading. It should also be noted that residence time of the material in the extruder is also important [49] . Higher processing temperature can be set if the component passes through the extruder in a short time. Table 3 summarizes the mechanical properties of wheat straw flour filled recycled thermoplastic composites. Mechanical properties were discussed under three headings; tensile properties, flexural properties and impact properties.
Mechanical Properties
Tensile Properties
Tensile properties include tensile strength, tensile modulus and elongation at break. Table 4 summarizes the two way analysis of variance for tensile properties of wheat straw flour filled polymer composites. Figure 7 shows the interactions of tensile strength, tensile modulus and elongation at break of the composites. The two way ANOVA showed that plastic type and coupling agent type had significant effect on tensile strength (P<0.001). There was also an interaction between plastic type and coupling agent type (P<0.001). The effect of different levels of plastic type depends on what type of coupling agent is present (Figure 7 ). For the HDPE based polymer composites MAPE performed superior while for the PP based polymer composites MAPP based coupling agent performed better. Similar results were also reported by others [44] [45] [46] [47] . It is believed that better wetting of the PE based maleic anhydride to the HDPE matrix polymer and PP based maleic anhydride (MAPP) to the PP based polymer could be responsible for this outcome. In the case of mixture of PP and HDPE polymer composites, there were no significant differences between the coupling agent types. Both the MAPP and MAPE performed similarly. It was interesting to see that HDPE based composites performed as well as PP based composites.
Normally PP based composites provides higher properties compared to HDPE based ones. For the composite material, performance can usually be affected by the similarity of the constituent, distribution of the fillers and the defects. It is believed that poor distribution of the wheat straw flours in the matrix and their cellular structure could be responsible for the similar performances of the HDPE and PP based composites. Cellular structure of the wheat straw flour might prevent thermoplastic matrix to reach the optimum performances. Figure 8 shows the scanning electron micrograph of the wheat straw cellular structure. Lack of plastic penetration into the cellular structure was apparent. In the case of tensile modulus, plastic type had no significant effect on polymer composites (P=0.180). However, coupling agent had a significant effect on tensile modulus (P=0.010) meaning that addition of coupling agent advanced the tensile modulus regardless of plastic type due to the improved adhesion between plastic and wheat straw flours. Similar results for wood flour filled polymer composites were also reported [38, 48] .
B1
The coupling agent type had no significant effect on the elongation at break values of wheat straw flour filled thermoplastic composites. Plastic type had statistically significant effect on the produced composites (P<0.001). HDPE based composites had higher results than PP based composites ( Figure  5 ). This result was expected because HDPE matrix had higher elongation at break values (48-percent) compared to PP matrix (10-percent).
Flexural Properties
Flexural properties include flexural strength and flexural modulus. Table 5 summarizes the two way analysis of variance for flexural properties of wheat straw flour filled thermoplastic composites. Figure  9 shows the interactions of flexural strength and flexural modulus of the composites.
Plastic type did not have significant effect on the flexural strength of the wheat straw flour filled polymer composites (P=0.073). Figure 9 shows that wheat straw flour filled PP, HDPE and PP+HDPE composites provided similar flexural strength values. PP usually provides higher flexural strength values compared to PE [43] . It is believed that on the flexural strength of composites, wheat straw flour had played a bigger role than plastic type. Penetration of polymer matrix into the cellular structure of wheat straw flour was not enough. Figure 8 shows the lack of polymer penetration in the cellular structure of composites. Addition of coupling agent significantly improved the flexural strength (P<0.001). Similar results were also reported in the flexural strength of wood flour filled thermoplastic composites [44] [45] [46] . Statistical analysis also showed a significant interactions (P=0.010) between plastic type and coupling agent type meaning that effect of different levels of plastic type depends on what level of coupling agent is present. MAPE coupling agent was performed much better when they used with HDPE [45] [46] . For polyolefin-based plastic lumber decking boards, ASTM D 6662 [50] standard requires the minimum flexural strength of 6.9 MPa (1,000 psi). All composites produced in this study provided flexural strength values (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) that are well over the requirement by the standard. In the case of flexural modulus, both plastic type and coupling agent type had statistically significant effect on wheat straw flour filled thermoplastic composites (P=0.008 and P<0.001, respectively). There was no interaction between plastic type and coupling agent type (P=0.718). ASTM D 6662 (2001) standard requires the minimum flexural modulus of 340 MPa (50,000 psi) for polyolefin-based plastic lumber decking boards. All composites produced in this study provided flexural modulus values (700-1500 MPa) well over required standards. Table 6 summarizes the two way analysis of variance for impact strength of wheat straw flour filled thermoplastic composites. Plastic type had statistically significant effect on impact properties of wheat straw flour filled thermoplastic composites (P<0.001). HDPE based polymer composites had higher impact properties than PP based composites (Figure 10 ). This result might be due to the higher impact strength of neat HDPE polymer (100 J/m) compared to the neat PP polymer (50 J/m). Coupling agent type had no significant effect on impact strength (P=0.126). Figure 10 . Impact strength (IS) of the wheat straw filled recycled thermoplastic composites.
Impact Properties
Morphology
SEM micrographs of the wheat straw flour filled thermoplastic composites were presented in Figure  11 . Figure 11a , c and e show the unmodified (no MAPP or MAPE) composites produced from recycled HDPE, recycled PP and 50-percent mixture of both recycled HDPE and recycled PP, respectively. The arrows show the individual wheat straw flours present in the matrix. The presence of individual wheat straw flours was due to the poor adhesion between the not compatible wheat straw flours (hydrophilic) and polymer matrix (hydrophobic). Figure 11b , d and f present the composites with 3-percent MAPP or MAPE coupling agents. Since MAPE coupling agent performed superior in HDPE-WF thermoplastic composites and MAPP worked better in PP-WF thermoplastic composites, SEM micrographs of the thermoplastic composites were chosen from those groups. In these micrographs, some wheat straw flours were embedded into the polymer matrix indicating improved adhesion. However, there was still room for improvement because some debonding can also be seen on the interface of wheat straw flour and polymer matrix. 
Experimental Section
Materials
The thermoplastic matrixes were recycled high density polyethylene (HDPE), recycled polypropylene (PP) or 50-percent mixture of these two polymers. Recycled HDPE pellets were produced from water pipes. They were collected from the local areas, cleaned from the dirt and cut in to small pieces using band saw. Then, these small pieces were grinded into small pellets using Wiley mill. Recycled PP pellets were generated from drinking cups. They were also collected from the local area and cleaned from the dirt. These drinking cups were thin and soft. Before grinding these cups were melted in a small extruder and cooled as small pieces. Later these pieces were palletized with Wiley mill. Wheat straw flours (WF) were used as lignocellulosic materials. They were obtained from local farmers and granulated into 40-mesh size flours using Wiley mill. Maleic anhydrite grafted polypropylene (Licomont AR 504 by Clariant) and maleic anhydrite grafted polyethylene (Licocene PEMA 4351 by Clarient) were utilized as coupling agents. Descriptions of coupling agents were provided in Table 7 . 
Composite Manufacturing
Experimental design of the study is presented in Table 8 . Effects of plastic and coupling agent types on the performance of polymer composites were investigated. During the manufacturing of composite materials, recycled HDPE, PP or mixture of both (67-percent by weight) were used as polymer matrix while MAPP or MAPE (3-percent by weight) were used as coupling agents. Control boards (70-percent polymer and 30-percent wheat straw flour by weight) without any coupling agent were also produced for each polymer to compare the effectiveness of the coupling agents. Depending on the groups, granulated polymer, WF and coupling agent were mixed in a high intensity mixer for 5 minutes to produce homogeneous blend. Then this homogenous mixture was compounded in a laboratory scale single-screw extruder at 40 rpm screw speed. Extruder temperatures were set as 170, 175, 180, 185 and 185 °C for 5 heating zones. The extrudates were collected, cooled and granulated into pellets. Finally, pellets were compression molded in the hot press for 5 minutes at 175 °C and cooled for 20 minutes. Composites with the size of 5x150x200 mm were produced. 
Thermogravimetry and Differential Scanning Calorimetry
Thermogravimetric analysis (TGA) of the samples was done in a Shimadzu TGA-50 thermal analyzer using a scanning rate of 10 °C/min heating rate under nitrogen with 20 mL/min flow rate, from room temperature to 800°C. Differential scanning calorimeter (DSC) analysis was performed in Shimadzu DSC-60 using 10 °C/min heating rate under nitrogen with 30 mL/min flow rate, from room temperature to 500 °C.
Mechanical Property Testing
Testing of the produced composites was conducted in a climate-controlled testing laboratory. Flexural, tensile and impact properties of all boards were determined. The flexural tests were conducted in accordance with ASTM D 790 [51] . Test samples were cut in the dimensions of 5x13x15 mm. The span length of each specimen was 100 mm, with the rest left as overhang. Ten samples were tested on Zwick 10KN for each group. The rate of crosshead motion was 2.0 mm/min, which is calculated according to the ASTM standard.
The tensile tests were conducted according to the ASTM D 683 [52] . Ten samples for each group were tested on Zwick 10KN. Tests were performed at a rate of 5.0 mm/min. Dog-bone shape samples were used (Type III). The tensile modulus of the samples was taken as the slope of the curve at stress levels between 0.05% and 0.2%, while the tensile strength was the maximum stress experienced by each specimen.
The impact tests were performed according to ASTM D 256 [53] .. Ten impact samples for each group were cut from the manufactured composites. The notches were added using a Polytest notching cutter by RayRan™ and notched samples were tested on a HIT5.5P impact testing machine, manufactured by Zwick™.
Scanning Electron Microscope
The fractured surface of the samples was also studied by using JEOL scanning electron microscope (Model JSM 6400). The samples were first dipped into liquid nitrogen and snapped to half to prepare the fractured surfaces. Then samples were mounted on the sample stub and were sputtered with gold.
Statistical Analysis
Design-Expert® Version 7.0.3 statistical software program was used for statistical analysis. In this study, the two-way ANOVA at three levels was chosen to determine effect of plastic and coupling agent types and their interactions on the mechanical properties of wheat straw flour filled thermoplastic composites.
